Alkali-activated materials (AAM) are recognized as potential alternatives to ordinary Portland cement (OPC) in order to limit CO 2 emissions as well as beneficiate several wastes into useful products. However, the alkali activation process involves concentrated aqueous alkali solutions, which are corrosive, viscous, and, as such, difficult to handle and not user friendly. Consequently, the development of so-called one-part or "just add water" AAM may have greater potential than the conventional two-part AAM, especially in cast-in-situ applications. One-part AAM involves a dry mix that consists of a solid aluminosilicate precursor, a solid alkali source, and possible admixtures to which water is added, similar to the preparation of OPC. The dry mix can be prepared at elevated temperatures to facilitate the reactivity of certain raw materials. This review discusses current studies of one-part AAMs in terms of raw materials, activators, additives, mechanical and physical properties, curing mechanisms, hydration products, and environmental impacts.
Introduction
Ordinary Portland cement (OPC) contributes significantly to the global CO 2 emissions: in 2016, the estimated value was 1.45 ± 0.20 Gt CO 2 , that is, approximately 8% of the total anthropogenic CO 2 release [1] . Although the cement industry has been able to improve energy efficiency significantly, increasing cement demand (estimated as 3.36-3.48 Gt in 2015 and 3.68-4.38 Gt per year by 2050) has outpaced much of the positive impact [2] . Furthermore, approximately 50-60% of OPC-production-related CO 2 emissions are released from the calcination (decarbonation) of limestone at 1400-1450°C (Reaction 1), which cannot be influenced by improving energy efficiency [3, 4] .
CaO (s) CO (g) 3 2 (1)
Consequently, the development of alternative low-carbon binders is recognized as one option to reduce CO 2 emissions [5, 6] . Geopolymers, which are sometimes considered a sub-group of alkali-activated materials (as originally suggested by Irene Beleña) are promising materials in this regard [7] . While they are unlikely to completely replace OPC, they may serve as an alternative and supplementary binder depending on the local availability of raw materials [8] . Alkali-activated materials could be designed to have superior properties compared to binders prepared from OPC, namely better resistance to acids and sulfate [9] [10] [11] , better heat resistance [12] [13] [14] , lower drying shrinkage and creep [15] , and higher strength [16] . However, efflorescence formation can be a potential problem if not properly controlled by, for example, mix design [17] . In terms of unwanted alkali-aggregate reactions, alkali-activated materials have frequently showed better performance than OPC, as documented, for instance, by García-Lodeiro et al. [18] but attention should be paid for the proper selection of type and dose of activator, type of binder, and type of aggregates in this regard [19] . Alkali activation technology also allows a waste beneficiation route for utilizing several industrial by-products [20] . In addition, many of the current standards for cementitious materials do not recognize the use of alkali-activated materials as they have been written from the viewpoint of OPC use (i.e., they include prescriptive compositional limits instead of performance-based specifications) [21] . However, in some countries, such in Ukraine [22] , the use of alkali-activated cements is already included in the legislation. Also, supply chains for raw materials, suitable admixtures for alkali-activated materials, and testing protocols are still inadequate [23] .
Binders prepared by reacting an alkali source and solid aluminosilicate were patented as early as 1908 [24] . Later, important pioneering work was done by Glukhovsky [25] , Krivenko [26] , Davidovits [27] , and Palomo et al. [28] among many others. A complete historical overview of alkali-activated materials is available in several reviews [29] [30] [31] [32] . However, there is still some ongoing debate about the terminology related to alkali-activated materials and geopolymers: the former is generally characterized by a lower coordination of Si, that is, Q 2 and Q 2 (1Al) and higher calcium content, whereas the latter contains more Q 4 (2Al) and Q 4 (3Al) centers, has low calcium content, and is essentially three-dimensional [7, [33] [34] [35] . However, the terms geopolymer and alkali-activated material are used in the literature somewhat interchangeably and occasionally even as synonyms. In this review, materials are referred to as using the same terminology as used in the cited references.
Conventional (two-part) geopolymers are formed by a reaction between a concentrated aqueous solution of alkali hydroxide, silicate, carbonate, or sulfate, for instance, and solid aluminosilicate precursor, that is, two parts in addition to water [36] [37] [38] [39] [40] . However, the impracticalities related to handling large amounts of viscous, corrosive, and hazardous alkali activator solutions has put pressure on the development of one-part or "just add water" geopolymers that could be used similarly to OPC [41] . In one-part mixtures, only a dry mixture is needed in addition to water. The dry mixture is prepared by mixing a solid alkali-activator with a solid aluminosilicate precursor with or without a calcination step (Fig. 1) .
In 1940, Purdon [42] proposed dry mixing of slag and solid sodium hydroxide and subsequently adding water in order to prepare a mortar mixture. In the 1980s, Heitzmann et al. [43] patented a dry mixture of metakaolin, blast furnace slag, amorphous silica, potassium hydroxide and silicate, and one of the following components: fly ash, calcined shale, or calcined clay that could be blended with OPC before the addition of water. Schwarz and Andre [44] patented a geopolymeric dry mixture in which amorphous silica was prepared by dealuminating fly ash or metakaolin with hydrochloric or sulfuric acid. Davidovits [45] also patented one-part geopolymer consisting of alumino-silicate oxide with Al in IV-V coordination (i.e., metakaolin), sodium or potassium disilicate, and slag. Later, Davidovits [46] pointed out that solid sodium or potassium hydroxide and silicate should be partially replaced with "synthetic lavas" (reactive sodium-potassium aluminosilicate glass) due to large-scale availability and production issues. Synthetic lava could be prepared by mixing volcanic tuff and calcium carbonate, melting at 1200-1350°C, quenching in water, drying, and grinding [46] . Duxson and Provis [41] outlined some general needs and approaches for onepart geopolymer mixes. They proposed that solid precursor would be prepared either by adding, for instance, calcium-containing feldspar to coal before combustion; melting the previous materials separately and grinding; or preparation of a two-part geopolymer as a precursor to a one-part geopolymer. Currently, one-part geopolymers are considered especially promising for in situ applications where handling alkali solutions can be difficult whereas two-part mixtures appear suitable for precast work [8, 23, 47] . However, the early examples of one-part geopolymers described above have attained little commercial use. In contrast, two-part geopolymers have already been used in several full-scale implementations, such as the Brisbane West Wellcamp Airport in Australia [48] .
The purpose of this review is to present the current state-of-art in the development of one-part geopolymer mixtures. A substantial number of review articles exist discussing various aspects and applications of two-part geopolymers [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] , but no similar reviews about one-part mixtures currently exist. This paper discusses the employed aluminosilicate precursors, solid activators, admixtures, mix designs, resulting binding phases, hardening mechanisms, and effects of various parameters on the mechanical properties of one-part geopolymers. Moreover, a brief overview of one-part geopolymers containing OPC as one component (i.e., hybrid cements or blended alkaline cement) is presented. Finally, the environmental impact and cost analysis of onepart mixes is provided.
Raw materials and preparation of one-part geopolymers

Aluminosilicate precursors
The most common solid aluminosilicate precursor in one-part geopolymer mixes is fly ash from coal combustion either alone or in combination with blast furnace slag ( Table 1) . The majority [62] [63] [64] [65] [66] [67] [68] [69] of the fly ashes used as precursors fall within class F (low calcium content) as defined by ASTM standard C618 [70] . Class C (high calcium content) fly ash is less frequently used in geopolymer binders because of too rapid setting [71, 72] and less abundant availability [73] . Ye et al. [74] used one-part geopolymer approach on the successful solidification/ stabilization of municipal solid waste incineration fly ash (containing metals such as Pb, Cu, Zn, and Cr) by mixing it with red mud, NaOH, and then adding water. While fly ashes have usually been employed without pretreatment in one-part mixes, Matalkah et al. [75] used a mechanochemical activation method in which fly ash was ball-milled with dry-blended activators (CaO, MgO, and NaOH). They observed that Na, Ca, and Mg were incorporated in the fly ash structure due to disruption of the aluminosilicate bonds, which resulted in improved properties (higher strength, greater moisture resistance, and finer microstructure) compared to raw materials that were separately milled and then blended [75] . Similar mechanochemical pretreatments have been used with two-part geopolymers as well with a significant increase in compressive strength [76] and rate of geopolymerization [77] .
Ground-granulated blast-furnace slag is commonly used as a calcium-rich aluminosilicate precursor in alkali-activated materials. Blast furnace slag, which is a by-product of pig iron manufacturing at blast furnaces, consists of silicate and aluminate impurities present in iron ore and coke. Blast furnace slag is frequently mixed with class F fly ash in one-part geopolymer mixtures, but it can also be used alone (Table 1) . Using blast furnace slag improves the reactivity of low-calcium-content fly ash [41] . Usually calcium-rich aluminosilicate or calcium hydroxide would induce rapid setting and high early strength [64, 78] , but replacement of a portion of the slag with calcium hydroxide resulted in a decrease in both compressive strength and workability in a one-part geopolymer [65] . Decreasing the particle size of blast furnace slag resulted in an increase of compressive strength [63] . Wang et al. [66] found that a ratio of blast furnace slag to solid water glass of 5:1 (by weight) was optimum in terms of compressive strength, whereas ratios of 4:1 and 6:1 led to decreased strength. Nematollahi et al. [67] used "typical" and "gypsum-free" slags in the design of onepart strain-hardening geopolymer composite. The use of "typical slag" resulted in a lower relative slump value, significantly higher thixotropic Fig. 1 . The general procedure of one-part geopolymer preparation. e Relative humidity at 80°C not reported.
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property, higher elastic modulus, less brittle structure (indicated by higher fracture toughness and crack tip toughness), and higher uniaxial tensile performance [67] . This indicates that the presence of gypsum in slag is unfavorable. Fayalite slag, on the other hand, forms in the secondary copper or nickel smelting process as SiO 2 is introduced into the smelter [79] . The amount of fayalite slag generated is approximately 2.2 tons per one ton of produced copper [79] . It consists mainly of iron and zinc silicates, (Fe,Zn) 2 SiO 4 , but also contains PbO, Al 2 O 3 , and CaO [79] . Fayalite slag was recently utilized in a one-part geopolymer in which it was dry mixed with maize cob ash (weight-ratio ash/slag of 0.4) to which water was added [80] . The hardened material reached rather modest compressive strength of 16 MPa at the age of 28 d (Table 1) .
Clay minerals (hydrous aluminosilicates) typically require calcination in order to be reactive in alkali activation processes. Their platelike particle shape increases water demand and subsequently results in concrete with high porosity [41] . Kaolin (Al 2 Si 2 O 5 (OH) 4 ) in its dehydroxylated form, metakaolin (Al 2 Si 2 O 7 ), is one of the most studied aluminosilicate sources for geopolymer preparation. Bentonite, another potential geopolymer precursor, usually consists mainly of the clay mineral montmorillonite, (Na,Ca) 0.33 (Al,Mg) 2 (Si 4 O 10 )(OH) 2 ·nH 2 O. In alkali activation, however, bentonite shows a low reactivity as such [81] , but it can be improved by thermal treatment at 550-850°C [82] [83] [84] . Van Deventer et al. [64] listed additional clays and other natural minerals that could be used as an aluminosilicate source in onepart geopolymers such as albite (sodium feldspar, Na(AlSi 3 O 8 )), potash feldspar (K(AlSi 3 O 8 )), pyrophyllite (Al 2 Si 4 O 10 (OH) 2 ), and natural zeolite. Feng et al. [85] found that it was necessary to calcine albite at 1000°C with NaOH or Na 2 CO 3 as activator in order to reach acceptable compressive strength (43) (44) MPa at 28 days) in one-part geopolymer. Albite is often found in mine tailings [86, 87] and thus could represent a potential low-cost precursor.
Red mud is a by-product from the production of alumina from bauxite by the Bayer's process. It is characterized by high pH (10-12.5), high solids content (15-30%), and varying chemical composition: Fe 2 O 3 20-60%; AI 2 O 3 10-30%; SiO 2 2-20%; Na 2 O 2-10%; CaO 2-8%; TiO 2 and other oxides up to 28% [88] . Red mud is generated at a rate of approximately 1-2.5 tons per ton of alumina or, 55-65% of the bauxite processed [88, 89] . The total worldwide annual production of red mud is approximately 120 million tons, with an existing reservoir of over 2.7 billion tons [90] . There have been efforts to utilize red mud in OPC production [91, 92] as well as in alkali-activated binders [93] [94] [95] . In one-part geopolymers, red mud has been used as an aluminosilicate source after thermal activation with NaOH at 800°C [74, 96, 97] . Additionally, red mud has been used as an alkali source for fly ash in onepart mixes [98] . While it was possible to replace NaOH by red mud as a solid activator, the obtained compressive strengths were poor (< 4 MPa, 28 d) due to the relatively high unburned carbon particle content (loss on ignition > 6%) in the employed fly ash [98] .
Van Deventer et al. [64] stated that aluminosilicate material in onepart geopolymer mixes can include any naturally occurring aluminosilicates (such as shales, clays, feldspars, plagioclase, feldspathic materials, zeolite, pyroxene, and amphibole) or industrial by-products (such as mine tailings, fly ashes, slags, red mud, waste glass, and discards from coal or ore mining). Furthermore, they proposed that some of the aluminosilicate could be added before calcination and the rest (0-97% w/w of the dry mix) after calcination [64] . The most suitable aluminosilicate source for one-part mixes depends on the local availability of materials.
Additional amorphous silica and alumina sources
Reactive amorphous silica and alumina are usually provided in part by aluminosilicate precursors (such as fly ash, metakaolin, or slags) but they are frequently supplemented by an aqueous solution of sodium or potassium silicate (i.e., water glass) or aluminate in conventional twopart geopolymers. One-part mixes, however, use various solid amorphous silica sources (Table 1 ). In terms of additional reactive alumina, solid sodium aluminate is the most common material and it can also act as an activator (see Section 2.3).
Rice hull and husk ashes are residues from the combustion of agricultural wastes and they can have a high reactive silica content (≥ 90 weight-%) [99, 100] . Global rice husk output has been estimated to be 80 Mt., with China as the largest contributor [101] . Rice hull and husk ashes have been activated by solid sodium aluminate in one-part geopolymer mixes [102, 103] . It was found that after just one day of curing, compressive strength was relatively high (30 MPa) and that the rice husk ash had reacted almost completely [103] . While these ashes sometimes contain a high amount of unburned carbon [104] , it was shown that low-quality rice husk ashes (loss on ignition of 40%) could be successfully utilized in one-part geopolymers [102] . Another potential agricultural residue sources are maize stalk and cob ashes which have high pH (approximately 13-14 in water using solid/water = 3.2), potassium content (approx. 30 weight-% as K 2 O), and silica amount (approx. 20 weight-% as SiO 2 ): they have been used as solid activators of metakaolin or fayalite slag [80, 105] .
Silica residue from chlorosilane production has been used in onepart geopolymers in combination with sodium aluminate [106, 107] . Approximately 5000-10,000 tons per year of silica residue is produced at a typical chlorosilane plant during flue-gas scrubbing and neutralization of wastewater [108] . Silica content of the silica residue is approximately 84-89 weight-%, but the chloride content of the material can be relatively high (0.86-1.36 weight-%) [106] [107] [108] .
Geothermal silica, another potential source of amorphous silica, commonly forms as precipitate in pipes and on other surfaces at geothermal power plants where water supersaturated with silicic acid (i.e., geothermal fluid) is utilized in electricity generation [109] . In a study using geothermal silica in one-part geopolymers, it was first washed with distilled water at 80°C (liquid to solid ratio of 10), filtered, washed again, dried, milled, and finally mixed with solid sodium aluminate [110] . The purpose of this rather complicated pretreatment was to remove salts; the resulting material had a silica content of 96% [110] .
Silica fume (or microsilica) which is a by-product of silicon and ferrosilicon alloy production, has also been used in one-part geopolymers [97, 106, 107] . In one study, addition of up to 20-25% silica fume had a clearly positive effect on the compressive strength of a red mud-based one-part geopolymer [97] . Silica fume consists of finely dispersed (95% of particles finer than 1 μm) amorphous SiO 2 (> 92 weight-%), the surface of which is covered by reactive silanol groups [111] .
In addition to the aforementioned industrial by-products and waste materials, synthetic silica chemicals such as solid sodium metasilicate (Na 2 SiO 3 ) can also be used to provide additional silica (see Table 1 ) in one-part geopolymers. Technically, all of the silica sources described here could be used but the most industrially feasible option depends on local availability.
Alkali sources (activators)
According to Provis [7] , the alkali source (i.e., activator) in a onepart geopolymer mix can be any substance that provides alkali cations, raises the pH of the reaction mixture, and facilitates dissolution. Activators employed in one-part geopolymer mixes include solid NaOH, Na 2 SiO 3 , Na 2 SiO 3 ·5H 2 O, Na 2 CO 3 , NaAlO 2 , CaSO 4 , Na 2 SO 4 , KOH, red mud, and maize stalk and cob ash ( Table 1 ). The modulus (SiO 2 /Na 2 O molar ratio) of commercial solid sodium silicates has varied between 0.93 and 3.32 in the published one-part geopolymer studies [66, 67, 69] . Anhydrous sodium metasilicate (Na 2 SiO 3 , modulus 0.93) resulted in higher compressive strength and better workability than sodium silicate pentahydrate (Na 2 SiO 3 ·5H 2 O, modulus 1.00) or unspecified hydrous sodium silicate (Na 2 SiO 3 ·nH 2 O, modulus 2.06) when activating fly ash and blast furnace slag with or without hydrated lime in one-part geopolymer [65] . Choo et al. [98] innovatively used red mud as a source of NaOH. In addition, CaO, MgO, dolomite (CaMg(CO 3 ) 2 ), and Ca(OH) 2 have been used in one-part geopolymer mixes (Table 1) . These materials supply alkaline earth cations instead of alkali cations, which facilitates the formation of different binding phases compared to systems with a low calcium content [112] . Kim et al. [113] found CaO powder to be a more efficient activator for blast furnace slag than Ca (OH) 2 powder although CaO generates higher heat of hydration.
Many of these activators, however, have disadvantages. For example, solid NaOH is corrosive, hygroscopic, and forms sodium carbonate when exposed to CO 2 . Currently, NaOH is produced at a rate of approximately 60 Mt per year via the chlor-alkali process and upscaling this production is not straightforward because chlorine (Cl 2 ), which has a limited world-market, is produced as a side-product [8, 46] . The production of synthetic alkali silicates is characterized by a high energy use: the process alternatives are direct fusion of sand and sodium carbonate at 850-1088°C or evaporation of metasilicate solution [114] . Therefore, replacing synthetic alkali silicates with other alkali and silica sources is important. Na 2 CO 3 , one alternative activator, is available as a geological resource in the form of trona (Na 2 CO 3 ·NaHCO 3 ·2H 2 O). Na 2 CO 3 has been found to be at least as effective as NaOH in thermal activation of kaolin, bentonite, or albite [85, 115, 116] . However, Na 2 CO 3 and dolomite release CO 2 if used with high-temperature calcination of aluminosilicate precursors. Kovtun et al. [117] published very promising results with solid Na 2 CO 3 and slaked lime as the activators (without calcination) for blast furnace slag and silica fume: they obtained up to approximately 50 and 85 MPa compressive strength (28 d) at 25 and 85°C curing temperatures, respectively. NaAlO 2 is an interesting alkali source as it also provides supplementary reactive aluminum. NaAlO 2 is produced commercially by dissolving aluminum hydroxides (such as gibbsite from the Bayer process) in sodium hydroxide solution, digesting bauxite at elevated temperature (150-230°C) and pressure (≥ 5 bar), or processing gibbsite in rotary sintering kilns (at 1000°C) [118] .
Admixtures
High range water reducers (superplasticizers) are often used to improve workability, rheology, and mechanical properties in OPC concrete or mortar. Commonly used superplasticizers include lignosulfonates, naphthalene, melamine-based compounds, and modified polycarboxylates. However, many of the superplasticizers work poorly with geopolymer pastes due to the extremely alkaline conditions and subsequent degradation of superplasticizer as summarized by Nematollahi et al. [55] . However, naphthalene [119] [120] [121] [122] [123] and modified polycarboxylates [124] [125] [126] have shown promising performance in some studies involving two-part geopolymers. Ye et al. [97] used sodium lignosulfonate (0.5 weight-%) in a one-part red mud-based geopolymer mixture and were able to reduce the water/solid ratio from 0.55 to 0.45, which improved compressive strength. Yang et al. [127] used a polycarboxylic-based water reducer (0.65 weight-%) in one-part alkali-activated blast furnace slag.
One-part geopolymer pastes frequently set too rapidly due to heat generated from the dissolution of solid activators such as sodium hydroxide [128] . Consequently, using set retarding admixtures to prolong setting time would be beneficial. Nano-ZnO can retard the setting of alkali-activated slags by affecting the nucleation of the C-(N)-A-S-H gel via binding Ca 2 + into a calcium zincate phase [129] . However, it has not been studied with one-part mixes. Sodium phosphate [130] and phosphoric acid [131] have also been found to retard hydration reaction of (two-part) alkali-activated blast furnace slag. The mechanism of phosphate-based retardants has been suggested to be the formation of sparingly soluble but temporary Ca(H 2 PO 4 ) 2 and CaHPO 4 phases [132] .
Other potential retardants (again, not studied for one-part mixes) include sucrose [133] , sodium chloride and other inorganic salts (which are accelerators at low dosages and retarders at high for alkali-activated blast furnace slag) [134] , or malic acid [134] . Wang et al. [66] used unspecified phosphate-based retardant (optimum dose 7%), but they did not report results without retardant. Another potential retardant for one-part geopolymers is tartaric acid [64] . Seeded nucleation, by adding 0.5 weight-% nano-sized Al 2 O 3 , ZnO, or ZrO 2 to one-part geopolymer, affected positively compressive strength [135] . More specifically, nucleation prevented alumina from sorbing on the surface of silica particles; controlled the silica release rate; and led to the formation of a silica-rich phase in the early stage of geopolymerization [135] . This kind of nucleation phenomena could, however, also occur without the addition of oxides if the raw materials contain suitable impurities.
Fiber reinforcements
Polyethylene (PE) and polyvinyl alcohol (PVA) fiber reinforcement of one-part geopolymers prepared using fly ash and blast furnace slag or lime has been studied by Nematollahi et al. [67, 68, [136] [137] [138] [139] in several papers. Typically, the amount of fiber added in their studies was 2 vol-%. The compressive strength of these composites is summarized in Table 1 ; other properties, such as tensile performance, interaction of fibers with geopolymer matrix, and fracture properties, are beyond the scope of this review. However, these studies demonstrate that one-part geopolymer matrixes can be successfully used to develop composites similar to two-part geopolymers.
One-part geopolymers with OPC (hybrid and alkaline blended cements)
Binders containing OPC, aluminosilicate precursor, and which are alkali activated are referred to as hybrid or blended alkaline cements [140] [141] [142] [143] [144] . The cementitious gels in this type of binders consist of a complex mixture of (C,N)-A-S-H and/or N-(C)-A-S-H [140] . However, in this section, only those blended cement studies are considered in which the alkali activator is in a solid form.
Garcia-Lodeiro et al. [145] produced hybrid cements incorporating OPC (60%), and fly ash and bottom ash (40%) provided by municipal solid waste incinerator. A mix of solid CaSO 4 and Na 2 SO 4 in different percentages was used as an activator. The liquid to solid ratio was kept constant (0.5). They measured the compressive strength and flexural strength higher than 32 MPa and 5 MPa, respectively, after 28 days curing at temperature 21°C and relative humidity 99%. The results depicted that the developed material had acceptable strengths for using in practical applications [145] .
Fernández-Jiménez et al. [146] developed hybrid cements incorporating a low OPC content (20-30%) and fly ash (70-80%). The mixtures were activated either by the addition of water, 8 M sodium hydroxide solution, or solid sodium silicate and water. The liquid to binder ratios varied in the rage of 0.4-0.45 regarding the mixture ingredients. The compressive strength varied in the range of 20-40 MPa (at 28 d, curing temperature 22°C, and relative humidity 99%), in which the minimum and maximum compressive strengths were detected in the mixtures that used water and solid sodium silicate with water, respectively. The binder with the maximum strength contained calcite and ettringite of which the latter yielded a denser structure partially explaining the higher strength.
García-Lodeiro et al. [147] reported the results of two different hybrid cement systems comprised of OPC (20%) blast furnace slag (40%), dehydroxylated (2 h at 750°C) kaolin or bentonite (40%), and solid sodium carbonate (5%) as an activator. The two cements had similar CaO/SiO 2 ratios but very different SiO 2 /Al 2 O 3 ratios (almost 4 for the bentonite mix and 2 for the metakaolin mix). The compressive strengths of 32 MPa and 15 MPa (2 d, curing temperature 22°C, and relative humidity 99%) were recorded for the systems containing bentonite and metakaolin, respectively. The main differences in the results obtained is likely caused by the different water content (the L/S ratio was 0.3 and 0.5 for bentonite and metakaolin mixture, respectively).
The differences in the water demand affected the hydration products and strength development in these systems. Regarding the microstructure studies, it was revealed that C-S-H and C-A-S-H gels prevail in high calcium and silicon systems, whereas in silicon-and aluminumrich systems (N,C)-A-S-H and C-A-S-H gels predominated. However, the early stage compressive strengths indicated a very promising performance from the application point of view.
In a study by Abdollahnejad et al. [148, 149] , one-part hybrid cement mixtures were comprised of OPC, fly ash, kaolin, solid sodium hydroxide, calcium hydroxide, water, and a lignosulfonate-based superplasticizer. Lower reactivity was reported for the mix compositions using sodium hydroxide than for the mix compositions using potassium hydroxide. Efflorescence, which is common in two-part geopolymer mixes, was reduced in one-part geopolymers, possibly due to the smaller amount of sodium or potassium used. In addition, during the hydration process, some sodium and potassium may have been replaced by calcium. The maximum compressive strength reported in this study was around 27 MPa (at 28 d). Microscopic images also confirmed that a dense interfacial transition zone was formed between aggregates and matrix. Finally, they showed that further analyses of life-cycle and cost efficiencies of these blended cements need to be carried out to confirm their eco-efficiency [150] .
Moreover, Van Deventer et al. [64] published a patent describing several one-part geopolymer mix compositions containing OPC (3-30%). The highest compressive strengths (35 MPa) at the age of 28 days were obtained in mix compositions containing 30% OPC. In addition, the measured setting time was 2 h at 20°C and 1 h 15 min at 35°C, which provides an appropriate time in real construction applications.
Raw material calcination
Calcination of certain aluminosilicate raw materials is necessary in order to render them sufficiently reactive. For example, for dehydroxylation of the commonly used kaolin into metakaolin (at approximately 600°C), the main phenomena are the transformation of octahedral Al into tetrahedral Al, structure amorphization, and retaining a 1:1 layer type [151] . With one-part geopolymer mixes, an alkali source, such as NaOH, is commonly added to the calcination phase and the process is referred to as alkali fusion. The addition of sodium to the aluminosilicate increases the number of non-bridging oxygens [85] . It is notable that in some cases, calcination without the alkali addition was not sufficient to alter the structure into reactive form (e.g., with albite up to 1000°C) [85] . In addition to calcination, mechanochemical treatment (e.g., high intensity ultra-fine grinding) can also be utilized in activation [75] .
Bentonite [116, 152] , kaolin [115, 153] , halloysite [154] , albite [85] , and red mud [74, 96] are examples of aluminosilicates used in one-part geopolymers that have been calcined (at 550-1100°C) with the alkali fusion method (see Table 1 ). The optimum calcination temperature is dependent on the material used: for instance, in the case of bentonite activated by dolomite or Na 2 CO 3 , calcination at 1100°C was better than calcination at 1200°C [152] . Interestingly, quartz, which is commonly present as an impurity in bentonite, became a reactive glassy phase at 1000°C with 20% NaOH present [152] . However, increasing the calcination temperature can also increase crystallization of aluminosilicate phases, which has a negative effect on geopolymerization due to the unreactivity of such phases. Peng et al. [116] concluded that Na 2 CO 3 is more effective than NaOH in high-temperature alkali fusion of bentonite. Increasing the calcination temperature of kaolin with NaOH or Na 2 CO 3 up to 950°C had a positive impact on the compressive strength [116] .
However, calcination of raw materials introduces an additional step to the manufacturing of one-part geopolymers and can increase the carbon footprint. In some cases, the activators that are added during calcination, such as dolomite or Na 2 CO 3 , also introduce CO 2 emissions.
Numerous studies have demonstrated (see Table 1 ) that calcination can be avoided with the appropriate selection of aluminosilicate raw materials (such as fly ash and blast furnace slag), although, fly ash and blast furnace slag themselves have been formed in high-temperature processes.
Curing conditions
One-part geopolymers have been cured at both ambient (approximately 25°C) and at elevated (40-80°C) temperatures depending on precursors, mix design, and so on (Table 1) . Suwan and Fan [128] pointed out that heat generated as a result of the dissolution of solid activators in one-part geopolymers could have a beneficial effect on the curing. Peng et al. [152] obtained significantly lower 28-day compressive strength for one-part samples cured for three days at 20°C (< 5 MPa) compared to 80°C (up to 38.3 MPa). Generally, heat curing accelerates the early strength development of geopolymers [64, 78] .
In addition to temperature, relative humidity is another important factor to control during curing. It is generally preferable to seal geopolymer concrete since dehydration results in efflorescence, microcracking and a subsequent decrease in compressive strength [155] . The heat typically generated upon addition of water to one-part geopolymers promotes water loss and increases the importance of sealing. According to patent literature [64] , the preferable curing occurs at saturated conditions (i.e., relative humidity of 100%) and there is no need to add water during curing. In addition to curing in air, one-part geopolymers have also been cured in water tanks [67] .
Mix designs and molar compositions
Generally, increasing the SiO 2 /Al 2 O 3 molar ratio increases the compressive strength and elasticity up to a certain ratio [156] . Porosity, in contrast, increases at low SiO 2 /Al 2 O 3 ratios [157] . Typical two-part geopolymer compositions have a SiO 2 /Al 2 O 3 molar ratio in the range of approximately 3.3-4.5, but if waste precursors are used, this range might not apply [50] . Reported SiO 2 /Al 2 O 3 molar ratios in one-part geopolymers range from 0.75 to 6.02 (Table 1) .
When the SiO 2 /Al 2 O 3 ratio of metakaolin-based one-part geopolymer was increased from 1.75 to 2.25, the compressive strength decreased [158] . The opposite trend was observed for fly ash-based onepart geopolymer: SiO 2 /Al 2 O 3 of 1.8 resulted in a higher compressive strength than SiO 2 /Al 2 O 3 of 2.25 [69] . Increasing the SiO 2 /Al 2 O 3 molar ratio from 2 to 6 increased the compressive strength of a microsilicabased one-part geopolymer while it decreased the strength of a one-part geopolymer that used chlorosilane production residue [106] . These examples demonstrate that the trend of compressive strength as a function of the SiO 2 /Al 2 O 3 ratio is not constant across materials and depends on additional factors.
A higher SiO 2 /Al 2 O 3 ratio decreased the amount of Si in the geopolymer gel and the geopolymerization reaction rate in a fly ash-based one-part geopolymer [69] . One reason might have been the formation of larger, less reactive silica oligomers instead of small reactive species at high SiO 2 /Al 2 O 3 ratios [69] . In a metakaolin-based one-part geopolymer, a similar reaction rate decrease was observed as the SiO 2 /Al 2 O 3 ratio increased [158] . Furthermore, increasing the SiO 2 /Al 2 O 3 ratio caused silica-rich phases to form and increased the amount of unreacted silica [158] . Interestingly, the dissolution of silica from microsilica or chlorosilane production residue halted when the SiO 2 /Al 2 O 3 ratio reached approximately 2, whereas rice husk ash reacted almost completely at that ratio [103, 107, 159] .
The amount of alkali in the mix must be sufficiently high to cause dissolution of the aluminosilicate (indicated by the molar ratio of M 2 O/ SiO 2 ratio, where M = Na or K). However, too high alkali concentration causes, for instance, efflorescence (indicated by the M 2 O/Al 2 O 3 molar ratio, which should optimally be near 1). By increasing the concentration of alkali, the dissolution rate of solid aluminosilicate increases and the difference between the Al and Si dissolution rates becomes smaller [69] . Peng et al. [152] found that the compressive strength of a one-part geopolymer was noticeably smaller if no alkali (Na 2 CO 3 ) was added to the calcination of bentonite. The Na 2 O/SiO 2 and Na 2 O/Al 2 O 3 molar ratios have varied within 0.16-2.92 and 0.98-1.50, respectively, in the published one-part alkali activated material studies (Table 1) . In those cases where alkaline earth metals were present, the (Ca + Mg)O/SiO 2 ratio has been 0.02-2.1 (Table 1) . A higher CaO/SiO 2 or MgO/SiO 2 molar ratio resulted in higher compressive strength when bentonite-based geopolymer was prepared [152] .
Water demand (i.e., the amount of water needed to form a paste of standard consistency) is affected by several factors, including particle size and shape distribution and specific surface area [160] . Furthermore, the heat generated from one-part geopolymer reactions due to dissolution of the solid activators can cause significant loss of water [128] . Water-to-binder ratios (i.e., liquid-to-solid, L/S, where the binder is the amount of solid activators and precursors) of 0.2-0.75 have been studied with one-part geopolymers ( Table 1) . As a general trend, less water leads to a higher compressive strength [69, 127] . As discussed earlier, Ye et al. [97] were able to reduce the amount of water necessary by adding sodium lignosulfonate (from L/S 0.55 to 0.45). With one-part geopolymer containing fly ash and solid sodium silicate, higher water content was seen to result in faster formation of Al-rich gel, substitution of Si, and formation of Si-rich gel [69] . Another way of expressing the amount of water is H 2 O/Na 2 O or H 2 O/Al 2 O 3 molar ratios, which have been 7-19 and 7-28, respectively, in one-part geopolymer studies (Table 1) . Increasing the H 2 O/Na 2 O ratio from 14 to 17 decreased the geopolymerization reaction rate and sodium silicate dissolution [158] .
Properties of one-part geopolymers
The unconfined compressive strength (UCS) of one-part geopolymers varies widely, as can be seen from Table 1 . The highest 28-day compressive strength has been up to 80 MPa, whereas also very low values (< 5 MPa) have occasionally been reported. In some cases, the compressive strength of one-part geopolymers has decreased as curing time increases, which has been explained by depolymerization, carbonation, or efflorescence [96, 97] . Compressive strength of one-part geopolymers in comparison to similar composition two-part geopolymers has been lower in some cases [65, 136] , but higher values have also been reported [115] . Yang et al. [62] found a directly proportional correlation with the alkali quality coefficient (Eq. 2, where oxides are given as weight in grams in the binder and B is the total weight of the binder in grams) and rate of flow loss and compressive strength in a one-part geopolymer mix.
The required compressive strengths for different classes of concrete are specified, for example, in the European standard EN 206-1 [164] : the required 28 d values for normal and heavyweight concrete are 8-100 and 10-115 MPa for a cylindrical sample (diameter 150 mm, height 300 mm) and a cubic sample (side length 150 mm), respectively. For lightweight concrete, the similar requirements are 8-80 and 9-88 MPa [164] . These compressive strength classes specify the characteristic compressive strength required in different applications: the lowest strength concretes are used in different non-structural applications (a review by Hooton [21] summarizes several other standards specifying compressive strength requirements). Consequently, one-part geopolymers appear promising in meeting these requirements. However, the comparison of the specified values to those in Table 1 is not straightforward due to, for instance, different binders, aggregates, curing conditions, and measurement set-up (specimen dimensions, compression loading rate, etc.) employed in one-part geopolymer studies.
Yang et al. [127] also characterized lightweight mortars based on one-part alkali-activated blast furnace slag for splitting tensile strength, flexural strength (i.e., modulus of rupture), and modulus of elasticity (i.e., Young's modulus), which all decreased as the portion of lightweight aggregate to sand was increased. Furthermore, the curves of stress-strain under compressive loading indicated ductile behavior when the amount of lightweight aggregates was > 50% in relation to sand [127] . Shrinkage strain was approximately 100 μm up to 30 days but increased substantially (up to 1300 μm) after that with a higher amount of lightweight aggregates increasing shrinkage [127] . Otherwise, the published information on the shrinkage of one-part geopolymers is scarce.
Workability of fresh one-part geopolymer paste according to the slump test (i.e., spread-flow test, ASTM standard C1437 [165] ) has been reported to be 3.52-3.69 as the relative slump value [67, 68] . It was noticed that blast furnace slag without gypsum resulted in a higher relative slump value than slag with gypsum in one-part geopolymers [67] . Fly ash and blast furnace slag one-part geopolymers were reported to have thixotropic behavior, that is, good workability during mixing and vibration [68, 136] . Increasing the amount of sodium silicate activator in fly ash-and blast furnace slag-based one-part geopolymers resulted in a significant decrease in workability [65] . On the other hand, increasing water content improved workability (but decreased compressive strength) [65] . Workability of one-part geopolymers in comparison to similar composition two-part geopolymers was approximately 35% lower [65] .
Initial and final setting times of one-part geopolymers have varied between 23-150 and 69-230 min, respectively [66, 75, 163] . The initial setting time should be > 45-75 min depending on the strength class of cement according to the standard EN 197-1 [166] . Setting time requirements according to several other standards have been summarized by Hooton [21] . Nematollahi et al. [65] reported that the setting time increased when the blast furnace slag content in a one-part geopolymer mixture containing fly ash was increased. Setting time increased also when the amount of solid calcium carbonate amount decreased, solid sodium hydroxide was kept constant, and the amount of blast furnace slag was increased [163] . Yang et al. [62] observed that alkali-activated blast furnace slag hardened more slowly when using solid activator instead of solution. It should be noted that there are no publications available about the effect of retardants on the setting time of one-part geopolymers.
The heat resistance of one-part geopolymers, like two-part geopolymers [12] [13] [14] , is claimed to be better than OPC-based concrete [64] . One-part geopolymers based on microsilica and chlorosilane production residue (activated with sodium aluminate) could withstand temperatures up to 700°C and, in fact, their compressive strength typically increased [106] . Furthermore, shrinkage behavior seemed to correlate with strength development: up to approximately 750°C, shrinkage of 1-3% was observed, while at 800-900°C, samples shrunk approximately 10-20%. Shrinking was possibly due to viscous sintering or crystallization behavior. Those samples with increased strength at 800°C swelled at 800-900°C, which was explained by the presence and reactions of residual microsilica [106] . Those samples that swelled contained either completely amorphous reaction products or nepheline at temperature above 750°C as identified by XRD [106] .
Water absorption is dependent on the pore structure of material. The water absorption values of one-part alkali-activated blast furnace slag were 7-16%, and these values decreased as curing time increased [163] . This was likely due to the formation of hydration products and thus decreasing porosity. Furthermore, high water to cement ratio or calcium carbonate amount increased water absorption [163] . However, the water resistance of a one-part geopolymer prepared with bentonite has been an issue, as shown by the softening coefficient (i.e., compressive strength at 4 days, of which 1 day of curing under water divided by the 3-day air-cured compressive strength) [116, 152] . Otherwise, no such problems have been documented; in fact, Gluth et al. [108] , for example, demonstrated that their one-part geopolymer had good water resistance.
Some authors have measured the pH of fresh one-part geopolymer pastes to evaluate reactivity: for example, Matalkah et al. [75] found that mechanochemically processed fly ash, quick lime, sodium hydroxide, and magnesium oxide resulted in a less intense and slower increase of pH compared to separately milled raw materials. One-part geopolymer pastes prepared of residue from chlorosilane production or silica fume (activated by sodium aluminate) had pH values of 13.4-14.7 [106] . The relatively high pH values were proposed to be related to the formation of hydrosodalite and transformation of zeolite A into hydrosodalite in their one-part geopolymers [106] . Red mud-and silica fume-based one-part geopolymers, on the other, had pH values of 11.2-13.2 when crushed sample (particles < 2.38 mm) was leached with deionized water [97] .
Geopolymerization mechanisms and binding phases
It has been suggested that the following four steps occur after adding water to one-part geopolymer mixtures: (1) ion exchange, (2) hydrolysis, (3) network breakdown, and (4) release of Si and Al [75] . After these steps, the formation of one-part geopolymers most likely follows the same main steps as two-part geopolymers: speciation, gelation, reorganization, and polymerization [37] . The mechanisms of (two-part) alkali activation of aluminosilicates have been discussed in numerous papers [112, [167] [168] [169] [170] .
An important difference between two and one-part geopolymers is the release rate and availability of Si and Al. In particular, the solid silica sources employed in one-part mixes react more slowly than soluble silicate solutions [171] . Hajimohammadi et al. [171] varied the availability of silica by mixing solid geothermal silica and a sodium silicate solution, with solid sodium aluminate as a source of alumina. Their main observations were that the low silica availability (i.e., using solid geothermal silica) led to the formation of a high-silica-content crystalline phase, analcime (NaAlSi 2 O 6 ·H 2 O); nucleation took place near the unreacted silica particles; and the structure was more heterogeneous. Another study by Hajimohammadi et al. [161] addressed the effects of alumina release rate: they prepared a one-part geopolymer mix from fly ash and geothermal silica with either sodium aluminate (fast release) or amorphous alumina (slow release) as a supplementary alumina source. The main observations were that faster alumina release lead to faster formation of Al-rich gel followed by Si-rich gel; a more homogenous geopolymer gel structure; and a high initial concentration of dissolved alumina that prevented silica dissolution, resulting in high early strength but lower subsequent strength development. As summarized by Duxson and Provis [41] , the availability of Al is one of the most important parameters affecting properties of geopolymers such as final strength, setting, flexural strength, acid resistance, microstructure, and strength development.
Matalkah et al. [75] observed three exothermic reactions (by isothermal calorimetry) after addition of water to fly ash-based one-part mixture and assigned them as follows: (1) dissolution of NaOH and hydration of CaO (immediately after water addition); (2) attack of OH -on the SieO and AleO bonds (after approximately 130 min); and (3) polymerization (after approximately 170 min). Wang et al. [66] found only two distinctive peaks with calorimetry when observing one-part mixture reactions, and they suggested that both were associated with the dissolution of raw materials: SieOeSi and AleOeAl bond breaking; release of Ca, Si, and Al; and the formation of gel covering unreacted slag particles. Kim et al. [113] found two peaks by calorimetry: the first was attributed to wetting and dissolution of CaO, Ca(OH) 2 , and blast furnace slag while the second was not explained. X-ray photoelectron spectroscopy (XPS) studies have revealed that Si and Al (both tetrahedral) in albite become more ionized and disordered after calcination with NaOH or Na 2 CO 3 , and thus, addition of water would cause repolymerization [85] . Furthermore, magic-angle spinning (MAS) NMR studies of 29 Si have revealed that in the blast furnace slag-and fly ash-based geopolymer, the Si environment evolved from a combination of Q 0 , Q 1 , and Q 2 in the unreacted blast furnace slag to Q 2 and Q 2 (1Al) in the cured one-part mixture similar to two-part alkali activated materials [66] . In a separate study, the proportion of Q 4 and Q 0 (4Al) Si environments has been found to increase when the SiO 2 /Al 2 O 3 ratio increases and Q 3 and Q 3 (1Al) to decrease [107] . This was explained by the presence of unreacted microsilica at higher SiO 2 /Al 2 O 3 ratios [107] .
One major factor affecting the composition of binding phases of alkali-activated (two-part) materials is the calcium content: N-A-S-H, C-(N)-A-S-H, and C-A-S-H gels are formed in low-, intermediate-, and high-calcium systems, respectively [142, [172] [173] [174] [175] [176] [177] . In one-part geopolymers, after the addition of water and curing, similar N-A-S-(H) gels have been proposed to be the binding phases [96, 103] . However, these studies concluded the presence of N-A-S-(H) gel indirectly via XRD and FTIR analyses (N-A-S-(H) gel has disordered structure and thus it is not directly observable by XRD). No differences were found in the reaction products of one and two-part fly-ash geopolymers when prepared with similar mixing ratios [128] . In high-calcium systems, the main binding phase has been observed to be crystalline (i.e., observable with XRD) C-S-H [63, 97, 113] . It is likely that also C-A-S-H gel is produced in the high-calcium one-part systems. In addition, several studies have identified different zeolites and unspecified amorphous phases as the hydration products [96, 103, 106, 108, 116, 152] . Hajimohammadi and van Deventer [69] suggested, however, that one-part geopolymers might have a lower tendency for zeolite formation than two-part geopolymers. Matalkah et al. [75] detected that portlandite was not formed when coal fly ash (with a relatively high CaO content of 14.3%) was milled together with alkali activator (quick lime, NaOH, and MgO) before adding water, whereas separate milling produced portlandite. According to García-Lodeiro et al. [143] , portlandite formation is promoted by a lower alkalinity: for instance, by the use of sodium carbonates or sulfates instead of sodium hydroxide. Examples of other observed crystalline secondary hydration products include cancrinite, akermanite, hydrous gehlenite, sodium aluminum silicate, wairakiteCa, magnesium aluminum hydroxide, katoite, brucite, gibbsite, stilpnomelane, calcium hydroxide, katoite, and tobermorite depending on the precursors, activators, reactions conditions and so on [97, 152] . As the number of studies systematically comparing the reaction products of one and two-part alkali-activated materials is still scarce, it is yet difficult to assess if there are clear differences in the nature of (secondary) hydration products.
The reactive minor phases in one-part geopolymers consist of aluminum, magnesium and iron minerals able to hydrate (i.e., react with water) as discussed below. Peng et al. [116] found that calcium ferrite and amorphous phases were reactive when water was added to dry mix prepared of bentonite calcined with Na 2 CO 3 or NaOH. In another study by Peng et al. [152] , C 3 A (tricalcium aluminate, 3CaO·Al 2 O 3 ), C 2 S (belite, 2CaO·SiO 2 ), and MgO were formed after calcination of bentonite with dolomite and Na 2 CO 3 . Ke et al. [96] identified C 3 A, C 2 S, and CAS 2 phases from red mud that was thermally treated with NaOH. These are the same phases that hydrate in calcium aluminate cement to provide strength [38] . Red mud reacted with NaOH at 800°C contained calcium silicate and sodium aluminosilicate, which hydrated when in contact with water [97] .
Environmental impact and costs of one-part geopolymers
The environmental impact of OPC concretes and geopolymers is typically evaluated based on a life-cycle assessment analysis (LCA). This "cradle to grave" approach is a normalized method [178] used by industry and academics. The LCA should consider all the possible environmental impacts of a product, from acquisition of raw materials to final disposal. For geopolymers, the net CO 2 savings and global warming potential (GWP) is typically evaluated and compared with that of OPC concrete. Other environmental impact categories than GWP include abiotic depletion, ozone layer depletion, human toxicity, freshwater ecotoxicity, marine ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, acidification, and eutrophication. Typically, these categories are not as relevant for construction materials as they are, for example, for agricultural industry [179] .
In this section, eight environmental impact studies of two-part geopolymers [180e187], five of one-part geopolymers [67,188e191] , and two studies considering both [80, 192] were analyzed (Table 2) . Overall, the published results are somewhat contradictory: the net GWP change of geopolymers has been reported to range from a reduction of 96% [191] to an increase of 20% [180] in comparison to OPC concrete. In the other environmental impact categories (abiotic depletion etc.), geopolymers have a modest positive or negative impact compared to the impact of OPC concrete [192] . Taking an average of the values reported in Table 2 , the environmental impact is 24% for one-part geopolymers and 60% for two-part geopolymers of the environmental impact of OPC. Thus, one-part geopolymers are potentially more environmental friendly than two-part geopolymers.
Ouellet-Plamondon and Habert [192] noted that it is difficult to compare OPC concrete and geopolymer mixes directly. The typical LCA functional unit is one cubic meter of OPC concrete or geopolymer with a given compressive strength. However, this may not be the best approach. It was suggested that also the volume of the paste in the concretes and geopolymers should be the same [192] . Ouellet-Plamondon & Habert [192] re-calculated some of the published results with updated parameters and concluded that although the results did not change drastically, certain mixes appeared more environmental friendly than initially suggested in the papers.
One aspect that stood out in the environmental impact studies of geopolymers is the large environmental footprint (up to 80-90%) of the sodium silicate solution. The environmental impact of sodium silicate is particularly pronounced if it is produced using the Solvay process. However, some studies [192, 193] reported that the data related to sodium silicate production [194] is outdated and that the manufacturers would not disclose information on current energy usage and emissions. Most studies used an older version of the Ecoinvent database to calculate the environmental impact of raw materials. A recent update (version 3) of that database shows that excluding water from the sodium silicate production process considerably reduces the environmental impact of sodium silicates and thus also reduces the environmental impact of alkali-activated materials. The environmental impact of sodium hydroxide is also significant, but much less so than that of sodium silicate. Heath et al. [186] reported that GWP per mole is two times lower for sodium hydroxide than for sodium silicate, but as Habert and Ouellet-Plamondon [191] calculated the CO 2-eq per kg of the dry component (i.e. without the water) with the updated data, the difference between sodium hydroxide and sodium silicate was only around 10%. An interesting result was presented by Jamieson et al. [182] , who used sodium aluminate solution from the Bayer process as an alkali activator. They found that the embodied energy was as low as 0.33 GJ/t for the geopolymer concrete, representing only 6% of the embodied energy of OPC concrete. These calculations emphasize the importance of finding alternative activators and amorphous silica sources, as discussed in Sections 2.2 and 2.3. Other relevant environmental impact factors that increase GWP of geopolymers are transportation of raw materials and heat curing. McLellan et al. [183] highlighted that the impact of transport emissions is larger for geopolymers than for OPC in Australia due to the long distances over which feedstocks must be transported. Turner and Collins [181] calculated the emissions for curing for 24 h at 50°C and found that it contributed 12% of the total CO 2 -e for the two-part geopolymer concrete. Thus, even though curing temperatures used for geopolymers are low, the emissions they produce are not negligible.
In addition, the costs of one-part geopolymers are highly dependent on calculation method and product type. Habert and OuelletPlamondon [191] compared economic allocation of one-part geopolymers and found that it would be possible to achieve an 80% reduction in costs compared with OPC. Abdollahnejad et al. [188] estimated that the most cost-efficient one-part geopolymer thermal insulation material would cost €67/m 3 . Yang et al. [190] concluded that the cost of their one-part alkali-activated BFS foamed concrete was slightly higher, by 1.0 to 1.11 times, than that of OPC concrete. Chan et al. [195] estimated the material and manufacturing costs for over 20 years of FAbased geopolymer cement and OPC and concluded that geopolymer would be 18% more expensive.
Conclusions
The development of one-part ("just add water") alkali-activated materials is an important step forward in the commercialization of these alternative, low-carbon binders. Conventional, two-part alkali activation (in which a solid precursor is activated with alkali solution) has several disadvantages: the activating solution is viscous, difficult and non-user-friendly to handle, and transporting aqueous solutions is more expensive than transporting dry activators. However, one-part alkali-activated materials could be best suited for in situ casting while their two-part counterparts might find applications in precast work.
The aluminosilicate sources (precursors) and additional silica or alumina sources that are suitable for one-part alkali-activated materials are largely the same as those for conventional alkali-activated materials: class F fly ash, blast furnace slag, kaolin/metakaolin, albite, bentonite, geothermal silica, silica residue from chlorosilane production, silica fume, fayalite slag, and so on. The most commonly used activators in one-part geopolymer studies are synthetic solid sodium hydroxide and sodium silicate. However, these synthetic chemicals, especially synthetic sodium silicate, do not represent a commercially or ecologically optimized solution when used as the sole activators. Consequently, there have been innovative attempts to replace sodium hydroxide with red mud, sodium carbonate, or calcium oxide, for instance, and sodium silicate with silica fume, rice husk ash, or maize cob ash. The selection of the most suitable raw materials depends on local availability. Furthermore, by choosing the silica and alumina sources carefully, it is possible to adjust the release rate of these elements and consequently modify the strength development, for instance.
Ambient temperature mechanochemical activation (e.g., ball-milling) of the aluminosilicate precursor with the solid activator seems to be a promising method for overcoming the need to use high temperature during geopolymer cement preparation. However, comparison in the energy requirements of thermal and mechanochemical activation should be performed. Numerous examples show that by carefully selecting the solid aluminosilicate, alkali, and supplementary silicate and/or aluminum sources, it is possible to prepare one-part mixes that cure readily at ambient conditions without calcination of the raw materials.
The mechanical properties of one-part alkali-activated materials are promising in terms of compressive strength: up to 80 MPa values at the age of 28 days has been reported. However, other properties, such as durability, efflorescence, and shrinkage, are not yet well documented. Existing studies point out that one-part alkali-activated materials can be reinforced with fibers such as polyvinyl alcohol or polyethylene, similar to its two-part equivalents. However, the rapid setting time of one-part alkali-activated materials is a major shortcoming. The pronounced heat release during hydration accelerates this rapid setting. The use and suitability of retarding admixtures is currently poorly documented.
The binding phases of one-part alkali-activated materials have been identified as similar N-A-S-(H) and C-(A)-S-H gels as with two-part materials. In many cases, the formation of zeolites has been documented as well. The curing mechanism of one-part alkali-activated materials has been specifically addressed in few studies. Calorimetric analysis has shown that typically there is an almost instantaneous reaction after adding water (dissolution of solid activators) followed by slower reactions (dissolution of aluminosilicates). One major difference between one-and two-part alkali-activated materials is in the release rate of silica and alumina species.
The environmental impact of one-part alkali-activated materials is lower than that of two-part equivalents or OPC concrete. The mix design plays a decisive role and specifically the amount of activator are the major factors affecting environmental impact. It is also important to choose the right application for specific geopolymer mixes. The production process and raw materials must be sustainable regarding the environment, but also financially.
In conclusion, there are no obstacles prohibiting the development of commercially feasible "just add water" alkali-activated materials. However, more documentation and testing is still required in order to demonstrate the suitability and long-term durability of these binders. In addition, fundamental understanding on the reaction kinetics is lacking.
